Background--Several cross-sectional, but few prospective, studies suggest that inflammation may be involved in the development of hypertension. We examined markers of inflammation-high-sensitivity C-reactive protein, interleukin-6, and soluble intercellular adhesion molecule-1-and a marker of fibrinolysis, D-dimer, for their associations with incident hypertension in the Physicians' Health Study.
H ypertension remains a major public health hazard in the United States, with at least 77 million adults affected. 1 There is a growing speculation that inflammation may play a role in the development of hypertension. 2, 3 Systemic inflammation is involved in the pathogenesis of endothelial dysfunction, 4 leading to structural and functional changes in the endothelium often apparent in the early stages of hypertension. 5, 6 Epidemiologic data are largely confined to cross-sectional studies that reported elevations in C-reactive protein (CRP), [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] interleukin-6 (IL-6), 9, 13, 17, 18 and soluble intercellular adhesion molecule (sICAM-1) 14, 17 with increases in blood pressure (BP) or hypertension. D-dimer is a hemostatic marker of coagulation activation and fibrinolysis 19 that might also indicate poor arterial health and adversely affect BP; however, existing findings from epidemiologic studies are inconsistent. In multiple regression analyses, systolic BP has been significantly associated with D-dimer levels in Scottish women 20 and black South Africans 21 but only weakly in Scottish men 22 and white South Africans. 21 A few prospective cohort studies have focused on the association of hypertension with CRP, a common, easily measured inflammatory marker for which clinical cut points have been recommended for elevated coronary heart disease risk. 23 CRP is associated with an increased risk of hypertension in some, but not all, studies after multivariable adjustment. [24] [25] [26] [27] [28] [29] [30] In the Women's Health Study (WHS), CRP was associated with the risk of developing hypertension. 31 was less strongly associated with the risk of developing hypertension compared with CRP in a subsequent nested case-control study that simultaneously examined both markers. 28 It remains unclear how other inflammatory markers besides CRP and IL-6 are associated with the risk of hypertension, with data particularly lacking among men. We are also aware of no prospective studies evaluating the association of D-dimer with the risk of hypertension. We therefore conducted a nested case-control study of CRP, IL-6, sICAM-1, and D-dimer with incident hypertension in a prospective cohort of middle-aged and older men.
Methods Study Population
The Physicians' Health Study (PHS) is a randomized, doubleblind, placebo-controlled trial of low-dose aspirin and betacarotene in the primary prevention of cardiovascular disease and cancer among men. The design and methods of the PHS have been described previously. 32, 33 In 1982, 22 071 US male physicians, aged 40 to 84 years and free of cardiovascular disease, cancer (except nonmelanoma skin cancer), current liver disease, kidney failure or insufficiency, and other major illnesses were randomized into the PHS. The study protocol was approved by the Brigham and Women's Hospital institutional review board, and all participants provided written informed consent. At baseline, all 22 071 participants were asked to voluntarily provide blood samples. Those who agreed were sent blood collection kits and instructed to have their blood drawn and returned by overnight courier. A total of 14 916 (68%) men returned blood samples that were immediately stored in long-term freezers at À82°C. We conducted a prospective, nested, case-control study; the eligible baseline population was sampled from the prospective PHS trial and was limited to men who were initially free of hypertension (defined as self-reported systolic BP <140 mm Hg, diastolic BP <90 mm Hg, and no self-reported history of antihypertensive medication use) and provided a baseline blood sample.
Every 6 months for the first year and annually thereafter, follow-up questionnaires were sent to men requesting information about newly diagnosed conditions, including hypertension. Morbidity and mortality data were available for >99% of the study participants.
Hypertension Case and Control Selection
Cases of hypertension in PHS met at least 1 of 3 criteria, reflecting JNC 7 guidelines 34 : (1) self-report of newly initiated antihypertensive treatment at years 2 and 7 or annually thereafter through 2001; (2) self-reported systolic BP ≥140 mm Hg; or (3) self-reported diastolic BP ≥90 mm Hg. Among physicians, self-reported systolic BP and diastolic BP are well correlated with measured systolic BP (r=0.72) and diastolic BP (r=0.60). 35 The date of incident hypertension was assigned to the date when antihypertensive treatment was initiated or BP elevated. Participants were asked to answer yes or no to the question, "Over the past 12 months, have you STARTED taking medication for hypertension?" Date of treatment initiation was not collected and was therefore assigned to a random date between the questionnaires with and without hypertension defined by either self-reported elevated blood pressure or medication use. Men who developed cardiovascular disease, for which the management may affect BP levels, before the development of hypertension were censored at that date of diagnosis and were not considered as a case of incident hypertension. For each of 396 randomly selected cases of incident hypertension, 1 control subject was selected among men who remained free of hypertension not only through the index date of the matched hypertension case but also through the remainder of follow-up. Controls were matched to cases on age (AE1 year) and follow-up time (AE3 months).
Baseline Covariates
In the PHS, men provided self-reports of age (in years), height and weight (converted to body mass index [BMI] , in kg/m 2 ), vigorous exercise (<1 or ≥1 times/wk), smoking status (never, past, or current), parental history of myocardial infarction before age 60, systolic and diastolic BP (in mm Hg), diagnosis of diabetes (no or yes), history of treatment for hypertension (never, past, or current), and history of hyperlipidemia (treatment, diagnosis, or total cholesterol ≥240 mg/dL). A complete case analysis was used to address missing data given the small amount of missing data across all variables (<0.01%).
Blood Assays
All investigators and laboratory personnel were blinded to the subjects' case-control status, and samples were handled identically throughout the processing, shipping, and assaying of the bloods. Plasma high-sensitivity CRP was assayed with use of a latex-enhanced immunonephelometric assay on a BN II nephelometer (Dade Behring), with CVs at concentrations at 0.47, 54.9, and 138 mg/L of 6.4%, 2.9% and 3.6%, respectively. 36 IL-6 and sICAM-1 levels were measured by using an enzyme-linked immunoabsorbent assay (ELISA) (R&D Systems). CVs for the IL-6 assay at concentrations of 2.6 and 4.1 ng/L were 5.8% and 6.9%, respectively; for the sICAM-1 assay at concentrations of 257.1 and 320.2 lg/L, the corresponding CVs were 8.7% and 4.7%. 37 Finally, plasma D-dimer was measured by using an ELISA with TintElize Ddimer kits (Biopool AB) and by using 2 monoclonal antibodies directed against specific nonoverlapping antigenic determinants present in fragment D-dimer of cross-linked fibrin but not fragment of non-cross-linked fibrin or fibrinogen.
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Data Analyses
We performed all statistical analyses by using SAS software (SAS Institute) version 9. Cases and controls were first compared by mean values or proportions of major hypertension risk factors and biomarker measurements, using paired t tests for means and McNemar's tests for proportions. The Wilcoxon rank sum test was used to compare distributions of sICAM-1 and D-dimer by case-control status due to skewed distributions. CRP and IL-6 exhibited highly skewed distributions; therefore, the geometric means were compared. We conducted all analyses in parallel for plasma CRP, IL-6, sICAM-1, and D-dimer, which were each divided into quartiles based on its distribution in 396 controls. We then examined hypertension risk factors according to the highest versus the lowest quartiles of each inflammatory marker to assess potential confounding, using analysis of variance for means and v 2 tests for proportions.
In this nested case-control study, stratified Cox proportional hazards models were estimated and the hazards ratio and 95% CIs were used to approximate the relative risk (RR) for incident hypertension according to quartiles of each plasma inflammatory marker, with the lowest quartile serving as the reference. Crude models reflected matching cases and controls by age, follow-up time, and date of incident hypertension, with adjustment for randomized beta-carotene and aspirin treatment. Multivariate models further adjusted for other cardiovascular risk factors, including smoking status, physical activity, alcohol consumption, and parental history of myocardial infarction <60 years. We then examined additional adjustment for history of diabetes and high cholesterol, followed by BMI. Linear trends across increasing quartiles of plasma measurements were tested using the median value of each quartile as an ordinal variable and were assessed by modeling each biomarker as continuous variable. In secondary analyses, we considered how adjustment for baseline systolic and diastolic BP affected the association between each biomarker and risk of hypertension. We also repeated models for men at particularly low risk of developing hypertension by (1) excluding men who were obese (BMI ≥30 kg/m 2 ) or had a baseline history of diabetes or high cholesterol and (2) excluding men with prehypertensive systolic (120 to 139 mm Hg) and diastolic (80 to 89 mm Hg) BP. Finally, we examined whether men with more inflammatory markers at or above the median value for CRP, IL-6, sICAM-1, and D-dimer, which reflected a greater inflammatory state, had a higher risk of hypertension. Using men with no inflammatory markers at or above the median as the reference group, we followed the same modeling approach described earlier. We also repeated this analysis with elevated plasma inflammatory markers defined by the highest quartile for CRP, IL-6, sICAM-1, and D-dimer.
Results
As shown in Table 1 , men who developed hypertension were heavier and had higher baseline levels of BP compared with men who remained free of hypertension during a mean followup of 14 years (P<0.05). The prevalence of baseline diabetes and high cholesterol was quite low in these men with an average age of 47.4 years in 1982. Other lifestyle factors such as cigarette smoking, exercise, and alcohol intake were not appreciably different in hypertension cases versus controls (P>0.05). Plasma IL-6, sICAM-1, and D-dimer were each nonsignificantly higher in hypertension cases versus controls.
Next, in Table 2 we compared baseline characteristics in the highest versus lowest quartiles of each inflammatory marker among 396 male controls remaining free of hypertension. Men in the highest quartile of CRP were older and heavier, had higher baseline BP, were more likely to have a history of high cholesterol, smoked more, and exercised less than those in the lowest CRP quartile. A similar pattern of differences in risk factors were also present comparing the highest versus lowest quartile of plasma IL-6, aside from no difference in systolic BP. Although men in the highest versus lowest quartile of sICAM-1 were of similar age, men were still heavier, had higher BP, were more likely to have a history of high cholesterol, smoked more, and consumed less alcohol. Finally, men in the highest quartile of D-dimer levels were much older, heavier, and more likely to have a history of high cholesterol, yet BP levels were similar in the lowest and highest D-dimer quartiles.
Crude Spearman correlation coefficients among the 4 inflammatory biomarkers in 396 controls were modest yet statistically significant, ranging from 0.22 to 0.43, except between sICAM-1 and D-dimer (Spearman r=0.09; P>0.05). However, no single inflammatory marker was significantly correlated with systolic or diastolic BP, with all crude Spearman correlation coefficients <0.10. Additional adjustment for age and BMI marginally affected the Spearman correlation coefficients.
We then examined the association between increasing quartiles of each inflammatory marker and the risk of developing hypertension (Table 3 ). In crude models that matched on age and follow-up time and adjusted for randomized treatments, the conditional RRs of hypertension increased for men from the second to the fourth quartiles of plasma CRP. The significantly increased RRs in the third and fourth quartiles correspond with only modestly elevated CRP levels (≥0.72 mg/L; linear CRP P trend =0.12). Adding BMI into the model attenuated the RRs of hypertension in the third (1.74 to 1.60) and fourth (1.74 to 1.47) quartiles of CRP and eliminated the significant linear trend. We also considered clinical cut points of CRP and found that men with CRP levels of <1, 1 to <3, and ≥3 mg/L had corresponding full multivariate RRs (95% CIs) of 1.00 (reference), 1.24 (0.88 to 1.76), and 1.44 (0.86 to 2.41) for hypertension.
There was a borderline significant 51% increased risk of hypertension confined to the highest versus lowest quartile of IL-6 in the crude model (linear IL-6 P trend =0.16). However, adjustment for BMI greatly attenuated that elevated RR of hypertension. For sICAM-1, there was no association between increasing quartiles and the risk of hypertension (all P trend >0.05). Any elevation in D-dimer above the second quartile (≥109 ng/mL) was associated with a 52% to 81% increased risk of hypertension in the crude models, which did not materially change after adjustment for lifestyle risk factors, diabetes, or high cholesterol. After adjustment for BMI, the RRs were attenuated but a 38% to 68% increased risk remained in the upper 3 quartiles of D-dimer.
In additional analyses, adjustment for systolic and diastolic BP only slightly attenuated the RRs of hypertension for each inflammatory marker. There was also no evidence of confounding by baseline vitamin supplement use or dietary beta-carotene. Finally, we performed unmatched analyses that excluded obese, diabetic, or hypercholesterolemic men at baseline to minimize any impact of preexisting atherosclerosis on the development of hypertension. Although 95% CIs became wide, the full multivariate RRs (95% CIs) of hypertension remained increased in the fourth quartile for CRP, sICAM-1, and D-dimer, to 1.65 (0.87 to 3.14), 1.47 (0.84 to 2.56), and 1.60 (0.76 to 3.34), respectively. We also examined the association between inflammatory markers and hypertension among 209 men (83 cases, 126 controls) who had optimal BP (systolic BP <120 mm Hg and diastolic BP <80 mm Hg) at baseline. In unmatched analyses with full multivariate adjustment, there were no notable differences in the RRs of hypertension for each biomarker comparing men with optimal BP versus prehypertensive men, perhaps due in part to the small sample sizes. Furthermore, there was no indication that the association between any of the markers of inflammation and incident hypertension varied by follow-up time (P-value for interaction >0.05).
In Table 4 , we examined the association between a greater number of biomarkers at or above the median and the risk of hypertension in men. Among 396 controls, the median CRP level increased markedly from 51 men with no elevated inflammatory markers (0.31 mg/dL) to 53 men with all 4 inflammatory markers elevated (2.55 mg/dL). Smaller percentage increases were also observed for IL-6, sICAM-1, and D-dimer with an increasing number of elevated inflammatory markers. In crude models, men with 3 or 4 elevated biomarkers had nonsignificant 60% and 47% increase in the risk of hypertension. Additional adjustment for BMI showed the largest attenuation of the RRs toward the null, particularly for those men with all 4 biomarkers at or above the median level. Finally, the RRs were similar had we alternatively defined an elevated biomarker as in the highest (fourth) quartile, with 293 men (135 cases, 158 controls) having no biomarker in the fourth quartile and only 27 men (14 cases, 13 controls) having all 4 biomarkers in the highest quartile.
Discussion
In this prospective nested case-control study of initially nonhypertensive middle-aged and older men, baseline levels of inflammatory and fibrinolytic markers were modestly correlated with baseline BP. The quartile cut points for CRP among normotensive controls were only slightly lower than those in cohort-wide analyses of 20 525 WHS participants that found an association between higher CRP levels and increased risk of hypertension. 31 Yet even within this lower range of plasma values, we found a modest and positive association between CRP, IL-6, and D-dimer with the risk of incident hypertension, in models adjusted. The strongest RRs of hypertension were observed for CRP and D-dimer, and a threshold effect rather than a linear association was suggested. However, BMI was an important confounder of the observed associations between plasma CRP and hypertension, consistent with previous studies. 28, 31, 39, 40 This finding also extended to IL-6 and D-dimer. Finally, men with more elevated plasma inflammatory markers at or above the 50th or 75th percentile, as a proxy for being in an inflammatory state, had only a moderately increased risk of hypertension. In general, cross-sectional studies have consistently and significantly linked higher levels of inflammatory markers with higher systolic and diastolic BP 7, 8 in populations that typically do not exclude hypertensives. In a previous study of 508 PHS participants, IL-6 and sICAM-1 were more strongly associated with systolic and diastolic BP 41 than the correlations noted in this report. However, the earlier PHS analysis consisted of older (mean age, 59 versus 47 years) and heavier (mean BMI, 25.3 versus 24.1 kg/m 2 ) men with higher BP (mean BP, 128/ 80 versus 119/75 mm Hg). In a previous WHS crosssectional analysis of 340 subjects, consisting of older and heavier women than the present study, IL-6 and CRP were both significantly associated with increased BP. 9 In the MultiEthnic Study of Atherosclerosis (MESA), CRP was moderately and positively associated with BP and prevalent hypertension, with no sex differences, although the lowest BP category evaluated was <120/80 mm Hg. 12 Finally, in British women aged 60 to 79 years, initially positive associations among CRP, systolic BP, and the prevalence of hypertension were negated on adjustment for risk factors and socioeconomic position. 39 Prospective studies of inflammatory markers and the risk of developing hypertension remain limited. In a nested casecontrol study among participants of the Nurses' Health Study, sICAM-1 in the highest quartile was significantly associated with an elevated risk of hypertension compared with the lowest quartile in multivariable analyses, but the association was no longer significant after adjusting for estimated glomerular filtration rate and additional cardiovascular biomarkers. 42 In a nested case-control study in the Women's Health Initiative, there was a strong, positive association between increasing levels of CRP and IL-6, but not sICAM-1, and risk of hypertension, although estimates were no longer significant after adjusting for BMI. 43 However, CRP has been associated with the risk of hypertension even after adjustment for abdominal obesity in 2 other cohorts of middle-aged men and women. 30, 40 In contrast, among 795 initially normotensive diabetic men and women, there was no observed association between CRP, IL-6, and sICAM in ageand sex-adjusted analyses. 27 We are unaware of any other prospective studies evaluating the association between Ddimer and risk of hypertension. 26, 30 Whether adding inflammatory markers enhances our ability to predict the risk of hypertension beyond conventional risk factors remains uncertain. Two studies have evaluated the role of various risk factors in the context of hypertension risk prediction. 44, 45 In the WHS, the inclusion of CRP only marginally improved the prediction of incident hypertension. 45 It remains unclear how structural and functional changes due to inflammation may accelerate endothelial dysfunction, 4 increase BP, and promote the development of hypertension. 6 CRP and other inflammatory markers decrease nitric oxide production by endothelial cells, 46 indirectly promoting vasoconstriction, leukocyte adherence, platelet activation, oxidation, and thrombosis. 47 Several limitations of the present study warrant consideration. First, the values for our plasma inflammatory markers were low, reflecting a cohort of initially healthy normotensive men free of major morbidity. As a result, we were likely underpowered to detect a modest magnitude of effect, which may explain our observation of elevated but nonsignificant RRs. Further, we had only baseline assessments of plasma inflammatory markers that were susceptible to changes over time, possibly introducing random misclassification and leading to underestimation of the true RRs. Third, despite comprehensive adjustment for major risk factors for hypertension, residual confounding by unavailable dietary or metabolic factors may persist. Next, we relied on selfreported BP and hypertension to classify case-control status. To assess possible misclassification, we previously conducted a confirmation study of hypertension status in the PHS in which the presence and absence of self-reported hypertension were verified in 90% and 92% of men, respectively. 52 As a result, hypertension misclassification would only slightly bias our risk estimates, as also observed in other studies of selfreported BP 35 and hypertension. 53, 54 Finally, the generalizability of the observed associations between inflammation and hypertension to other populations with respect to different sex, age, ethnicity, and socioeconomic status remains unanswered. In conclusion, CRP, IL-6, sICAM-1, and D-dimer were not significantly associated with a higher risk of developing hypertension in middle-aged and older men, particularly after adjustment for BMI. Men with increasing numbers of plasma inflammatory markers above the median were not necessarily at greater risk of hypertension, likely reflecting the initially healthy nature of this cohort with relatively low levels of each marker of inflammation and fibrinolysis.
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